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Abstract 
We describe the interactions between monocyte-derived DCs, in different stages of maturation, with allogeneic T lymphocytes 
in a 3D system. Maturation of DCs increased their interaction time with T lymphocytes from 43 to 138 minutes. The average 
motility of T lymphocytes interacting or not with DCs was also affected, varying from 0.21μm-0.37μm/minute to 0.36μm-
0.52μm/minute. These data indicate that this 3D BiotekTM scaffold enables interactions between lymphocytes and DCs at 
different stages of maturation and may be useful for the characterization of these interactions, the cellular subtypes and patterns 
of response induced. 
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Centre for Rapid and Sustainable Product Development, Polytechnic 
Institute of Leiria, Centro Empresarial da Marinha Grande. 
Keywords: Dendritic cell; Cellular Interactions; Cell Motility; T Lymphocytes; 3D culture systems. 
* Corresponding author. Tel.: +55-11-3091-7375; fax: +55-11-3091-7224. 
E-mail address: jbarbuto@icb.usp.br 
Available online at www.sciencedirect.com
167 Karen Steponavicius-Cruz et al. /  Procedia Engineering  59 ( 2013 )  166 – 173 
1. Main text  
DCs are found in most tissues and are the main antigen-presenting cells (APCs), having a crucial physiological 
function both in innate and adaptive immune responses. Immature DCs have the unique ability to monitor the 
body, carrying captured antigens to secondary lymphoid organs. During migration, immature DCs may 
differentiate into mature DCs, which effectively present antigens to T lymphocytes, inducing and influencing the 
pattern of the immune responses (Banchereau et al. [1]). Due to these characteristics, DCs have been studied in 
several immunotherapeutic protocols, exploiting the ability of bone marrow and blood precursors to differentiate in 
vitro into functional DCs (Barbuto, [2]). The study of DCs-lymphocytes interactions in conventional 2D co-
cultures, though providing much information, has certain limitations. Among them, 2D co-cultures end up forcing 
cultured cells to adjust to an artificial linear surface, flat and rigid, as well as directly interfere on cellular 
morphology, polarity, metabolism and motility (Lee et al. [3]). The relatively new approach of three-dimensional 
(3D) co-culture system can surpass some limitations of the 2D co-cultures, as the 3D co-cultures reflect the three-
dimensional nature of living tissues, positively influencing cell motility and cell-cell interactions. Thus, 3D 
cultures may provide new insights into DC-lymphocytes interactions since, in a 3D culture, these will occur with 
the polarity and tri-dimensionality that more closely resemble those that occur in vivo  (Reichardt et al. [4]). 
Although in vivo observations, such as intravital imaging can provide direct measurements of some of these 
phenomena, they are demanding and not appropriate for motility studies (Halin et al. [5]). Taken together, it is 
clear that 3D co-cultures can bring new information, potentially relevant to the understanding of the various 
cellular interactions in the immune response. Therefore, the aim of this study is to apply 3D co-culture approaches 
to the study of interactions between DCs and T lymphocytes, allowing the determination of various parameters that 
may be relevant to the ensuing immune responses. 
2. Material and methods 
2.1.  Eligibility criteria 
This study was approved by the Ethics Committee for Human Research of the Institute of Biomedical Sciences 
from the University of Sao Paulo (n. 078.2010). Platelets-free blood was collected after apheresis performed in an 
automated blood cell collection system TRIMA ACCEL® (Cobe BCT, Denver, CO, USA), from healthy donors 
that signed an informed consent.  
2.2. In vitro differentiation of dendritic cells and isolation of T lymphocytes  
Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation over Ficoll-Hypaque (GE 
Healthcare Bio-Sciences AB, Uppsala, Sweden). Enrichment of monocytes was performed by negative selection 
with immunomagnetic beads (anti-CD3, CD7, CD16, CD19, CD56, CD123 and Glycophorin A) (Monocytes 
Isolation Kit II; Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes were resuspended in AIM-V medium 
(Gibco, Grand Island, NY, USA), plated on 24-well culture plates (Corning Incorporated, rning, NY, USA), and 
incubated at 37 C in a humidified atmosphere with 5% CO2 in air. Granulocyte-macrophage colony-stimulating 
factor (GM-CSF; 50ng/ml; R&D Systems, Minneapolis, MN, USA) and interleukin 4 (IL-4; 50ng/ml; R&D 
Systems) were added to the culture. After 5 days of culture, one group of cells was treated with 50ng/mL of tumor 
necrosis factor alpha (TNF- ; R&D Systems) for 48h (Barbuto et al. [6]), leading to fully mature DCs, named 
herein as 48h activated-DCs. On the seventh day, another group received TNF-  2h before harvesting (2h-activated 
DCs group). T lymphocytes were purified by negative selection with immunomagnetic beads (anti-CD14, CD16, 
CD19, CD36, CD56, CD123, and Glycophorin A) (Pan T Cell Isolation Kit II; Miltenyi Biotec). The complete 
experimental design is shown in Figure 1. 
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Figure 1. Time line of the 3D co-culture methodology. 
2.3. Flow cytometry 
Each cell population (1.8 x 10
5
cells/tube) was labeled with specific fluorescent antibodies against: CD1a, 
CD11c, CD14, CD40, CD83, CD80, CD86, CD209, programmed cell death 1 ligand 1 (PD-L1) and human 
leukocyte antigen DR (HLA-DR) (all from BD Biosciences, San Jose, CA, USA). Their viability was analyzed by 
staining with the violet dye LIVE/DEAD (Invitrogen). Data were acquired in the flow cytometer FACSCanto® 
(BD Biosciences) and analyzed in FlowJo software, Ver. 8,7 (Tree Star, Ashland, OR, USA). 
2.4. Co-culture between DCs and T lymphocytes in a three-dimensional (3D) microenvironment 
The co-cultures were performed using T lymphocytes in combination with the three described groups: 0h-DCs, 
2h-activated DCs and 48h-activated DCs. Initially, 1 x 105 CD3+ allogeneic T lymphocytes were labeled with 5 
M of carboxyfluorescein succinimidyl ester (CFSE; Invitrogen; Eugene, Oregon, USA) and 1 x 104 DCs were 
labeled with 1mM of CellTracker Red (Invitrogen). DCs were added to the 3D BiotekTM scaffold (Biotek, New 
Jersey, USA) with 20 l of AIM-V medium and incubated at 37°C for 3h, followed by the addition of 230 l of 
culture medium AIM-V. After 24h of culture, the CD3+ allogeneic T lymphocytes were added into the 3D 
BiotekTM scaffold and then, the co-culture was immediately taken to a Zeiss LSM 780 laser scanning confocal 
microscope (Zeiss, Germany) for data acquisition.  
2.5. Analysis of the duration of cell interactions in the 3D microenvironment 
Time-lapse videos of living co-cultured cells were acquired at 20-minute intervals (total 17 hours) in a Carl 
Zeiss LSM 780-NLO confocal microscope (CEFAP-ICB-USP) using 20x, 40x and 63x objectives. Environmental 
conditions were maintained by a large chamber incubation system including controlled temperature, CO2 pressure 
and humidity.  For each sample, 40-50 images were acquired in 5 randomly chosen fields.  To assess interactions 
between a T lymphocyte and a DC, 11 to 25  Z sections per sample field (ranging from 0.439 M to 1.384 M) were 
obtained.  To characterize an interaction between a T lymphocyte and a DC, 2 sequential images of their  
interaction had to be detected, so lymphocytes that only “touched” DCs in one image were not considered. All 
images were analyzed with Zen 2009 software (Zeiss).   
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2.6. Analysis of allogeneic T lymphocytes motility in the 3D microenvironment  
In order to determine if different DCs would affect T lymphocytes motility, at the Zeiss LSM 780 laser scanning 
confocal microscope, images and sections were acquired as described above. The tracking measurements of single 
cells after different times were analyzed by the MTrackJ plugin (written by Erik Meijering, Biomedical Imaging 
Group Rotterdam, Erasmus MC University Medical Center Rotterdam, the Netherlands) of ImageJ software 
(public domain software developed by Wayne Rasband, NIMH, NIH, http://rsb.info.nih.gov/ij/). Briefly, cell 
nuclei were marked manually in the software and each track of an individual cell was defined as a sequence of 
positions of the center of its nucleus at different times. 
2.7. Statistical analysis 
To evaluate the membrane phenotype, the analysis was performed using paired t test to detect differences 
between the 0h-DCs and 48h-activated DCs. Statistical analysis of cell interactions and motility of allogeneic T 
lymphocytes were performed by One-way ANOVA test followed by Tukey post-test for multiple comparisons. 
Differences were considered statistically significant when p<0.05 (*p<0.05, **p<0.005). Statistical analyses were 
performed with the aid of GraphPad Prism 5 (GraphPad Software, USA). 
3. Results 
3.1. Phenotypical analysis of DCs 
The 0h-DCs and 48h-activated DCs were analyzed by flow cytometry to determine their surface phenotype. 
Viability was over 97%. As analysis strategy we initially delimited a gate with size (FSC - forward scatter) and 
granularity (SSC - side scatter) characteristic of DCs. Cells within this gate were analyzed for the expression of 
CD11c and HLA-DR. Among positive cells, we analyzed the expression of other DC markers (Figure 2). 
3.2. Analysis of cell complexes and T lymphocyte motility in the 3D scaffold 
After the differentiation of DCs, they were stained with CellTracker Red, added to the 3D scaffold and co-
cultured with allogeneic T lymphocytes, which were previously stained with CFSE (Green). The 3D scaffold is 
composed by polystyrene with a thickness of 600μm, fiber size of 150μm and with pore diameter of 200μm 
(Figure 3A). While conventional 2D cultures have an average area of 0.32 cm2, the 3D scaffold has an area of 1.5 
cm2 (Figure 3A). The analyses of the cellular interactions were performed with the commonly used X and Y axes, 
with the spatial dimension (Z), and the temporal dimension (T) (Figure 3B). The duration of the cellular 
interactions, between allogeneic T lymphocytes with 0h-DCs (Figures 4A-B), 48h-activated DCs (Figures 4A-C) 
and 2h-activated DCs (Figures 4A-D) was analyzed. The total percentage of T lymphocytes that interacted with 
0h-DCs was of 7.46%, with 2h-activated DCs was of 5.22% and 48h-activated DCs was of 5.60%. Also, the 
percentage of DCs that interacted with one T lymphocyte and two or more was also determined. The frequencies of 
0h-DCs, 2h-activated and 48h-activated DCs interacting with one T lymphocytes were, respectively, 14.29%, 
12.24% and 26.53%, while those of DCs interacting with more than one were 12.44%, 8.16% and 4.08%. Finally, 
some DCs in the 0h and 2h-activated groups interacted with the same T cell more than once, with a frequency of 
14.29% and 8.16% respectively. The motility of DCs-non-interacting (Figure 5A) and DCs-interacting T 
lymphocytes (Figure 5B) was also determined and results are shown in Figure 5. 
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Figure 2. Phenotypic characterization of the 0h-DCs and 48h-activated DCs. Graphs show the percentage of cells positive for the markers: (A) 
CD14; (B) CD40; (C) CD80; (D) CD86; (E) CD83; (F) CD1a; (G) CD209; (H) PD-L1. Typical histograms are shown next to each graph with 
0h-DCs or 48h-activated DCs groups (red) and negative control (gray). Bars indicate the standard deviation. (n = 5; *p<0.05; ** p<0,005). 
 
Figure 3. The 3D scaffold. (A) Measures of the 3D BiotekTM scaffold; (B) Spatial dimensions analyzed in the 3D co-culture. Lines indicate the 
X axis (red), Z axis (green) and Y axis (blue). DCs (red), allogeneic T lymphocytes (green). 
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Figure 4. Interactions in 3D scaffold. (A) Time of interaction between allogeneic T lymphocytes and DCs at different maturation stages. Two-
dimensional representations of the 3D analysis of cell interactions between allogeneic T lymphocytes (green) and, in red, 0h-DCs (B); 2h-
activated DCs (C); and 48h-activated DCs cells (D). Bars indicate the standard deviation. (n = 5; *p<0.05). 
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Figure 5. Motility of T lymphocytes in 3D cultures. (A) Allogeneic T lymphocytes that have not interacted with any DCs; (B) Allogeneic T 
lymphocytes that interacted with the different DCs. Bars indicate the standard deviation. (n = 5). 
4. Discussion 
In the present study, we applied a 3D co-culture system to the study of T lymphocytes interactions with 
differentially activated DCs and in vitro. Fully activated DCs (48h-activated) presented a higher average time of 
interaction with T lymphocytes, and affected differentially their overall motility. These cells showed a lower 
expression of the surface molecule CD14, increased expression of the co-stimulatory molecules CD40, CD80 and 
CD86, increased CD83, as well as higher expression of the DC markers CD1a, CD209 and PD-L1. These cells 
presented a longer average duration of cell-cell interactions when compared to 0h-DCs (138 vs. 43 minutes). 
Interestingly, 2h-activated DCs (whose phenotype has not been completely characterized yet) had an average 
interaction time of 111 minutes, suggesting that these might already have acquired at least some of the mature DC 
characteristics. Studies on DCs and T lymphocyte interactions in explanted lymph nodes cultures have observed 
both static and dynamic interactions between T lymphocytes and local DCs (Miller et al. [7]). Intravital imaging 
revealed a 3-phase model of DCs and T lymphocytes interactions in mouse lymph nodes, in which CD8 T 
lymphocytes had short-lived interactions with large number of DCs (rarely exceeding more than 30 minutes) for 
the first 8 hours of co-culture, followed by 12 hours of stable interactions to single DCs (most of cells presented 
more than 60 minutes interactions, some were still stable after 20-26 hours) and, after 1 day, cells returned to short-
term interaction pattern (Mempel et al. [8]). Other studies were performed combining DCs and T lymphocytes in a 
3D extracellular matrix (ECM), where the duration of individual cell-cell interactions was transient (3–20 min on 
average), leading to T lymphocytes activation. After detachment from a given DC, T lymphocytes continued to 
migrate within collagen and established consecutive interactions to the same or neighboring DCs (Gunzer et al. [9]; 
Friedl and Gunzer, [10]). On the other hand, it is also known that a mature synapse between T lymphocytes and 
DCs require at least 30 minutes (Lee et al. [11]) and short-lived interactions with less than 30 minutes are unlikely 
to activate the T lymphocytes (Lee et al. [11]; Mempel et al. [8]). Due to all the contradictory data on DC-T 
lymphocytes interaction, two theories were developed: the serial encounter and the single encounter (Zarnitsyna 
and Zhu [12]; Friedl and Gunzer, [10]). The serial encounter theory proposes that a T lymphocyte accumulates 
multiple short-lived signals from several encounters with the same or different DCs, predicting that T lymphocytes 
must be able to memorize the quality and quantity of its encounters with DCs until exceeding the threshold for 
activation. The single encounter theory states that T lymphocytes establish one single and long interaction with a 
DC to achieve their activation. In our model, it was clear that DC maturation increased the time of interaction with 
T lymphocytes, and that a third or performed with serial photos taken with 20 minute intervals for 17 hours, so if 
there were short-lived interactions, they remained undetected. However, besides the 51.06% of the interacting DCs 
that only interacted with one T lymphocyte for long periods, what would agree with the single encounter theory, 
other 24.68% of interacting DCs interacted with more than one T lymphocyte but also for long periods. This kind 
of interaction does not fit the short-lived interactions model of the serial encounters theory, nor the single long 
interactions of the single encounter hypothesis. Interestingly, the motility of T lymphocytes in the 3D scaffold 
containing the 48h-activated DCs was increased. When non-interacting T lymphocytes were studied, we detected a 
trend of increase in T lymphocytes motility when the 48h-activated DCs were present (reaching an increase of 45% 
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in comparison to the other groups). Chemokines, like CCL19 which is produced by mature DCs within the lymph 
nodes and chemoattract naïve T lymphocytes (Breart and Bousso, [13]) could explain this observation. However, 
we also noted an increase of DC-interacting T lymphocytes. In this analysis, both the 2h-activated DCs and 48h-
activated DCs groups showed a trend to increased speed (with an increase of 38% and 76.2%, respectively) in 
comparison to the 0h-DCs group. Altogether, these results indicate an important effect of DCs upon T lymphocytes 
motility, also showing that the maturation of DCs influences this parameter as well. 
5. Conclusion 
In conclusion, we present here a relatively new approach to analyze, in a 3D culture system, the interactions of 
human DCs with T lymphocytes in vitro. Using this method, we were able to observe that the maturation stage of 
the DCs affects significantly their interactions with T lymphocytes and, also, even the behavior of the T 
lymphocytes that do not interact directly with them. Although further studies are necessary, these preliminary data 
suggest that this approach may provide new insights into DC-T lymphocyte physiology. 
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